Aims: Aerially applied glyphosate is an economic tool to deal with large areas of invasive plants. However, there are few studies investigating non-target effects or rates of reinvasion, particularly over multi-year time frames. The aims were to evaluate the effectiveness of aerial application of glyphosate for control of dense stands of the invasive grey willow Salix cinerea, and determine the vegetation trajectory over the subsequent 2 yr.
Introduction
Invasive weeds can alter the structure and function of ecosystems and are implicated in declines in native species and habitat condition (Vitousek et al. 1997; Wilcove et al. 1998; Mack et al. 2000) . Invasive species control is often a precursor to other restoration efforts (Berger 1993) , and can involve manual removal, herbicides, biocontrol or manipulation of environmental factors such as water level (Zedler 2000) . Herbicides are a method of 'designed disturbance' for invaded systems, but collateral damage and after-effects require monitoring (Sheley & Krueger-Mangold 2003) as there are risks that clearing alien canopy species will create windows for secondary invasion (Johnstone 1986; Hulme 2006; Pearson & Ortega 2009) for the same or other alien species (Galatowitsch & Richardson 2005) . This is particularly the case where broad-spectrum herbicides are used.
Glyphosate is a widely used broad-spectrum herbicide, commercialized in 1974 (Franz et al. 1997) , and commonly used in agriculture (Dill et al. 2010) . Glyphosate is transported via phloem to actively growing tissues such as roots and storage organs following application to plant foliage and subsequent leaf uptake (Duke & Powles 2008) . Non-target plants can be affected by glyphosate through direct contact during application or indirectly via surface soil residues (Giesy et al. 2000) .
Large areas of non-agricultural land are also treated with glyphosate. For example, Wagner et al. (2017) documented application over 280 000 ha of public land in North America for the period [2007] [2008] [2009] [2010] [2011] . Despite widespread use, there are few published studies on the impacts of aerially applied glyphosate in a restoration ecology context, and impacts on vegetation trajectories are rarely evaluated. Aerial application of glyphosate is generally cheaper than manual application ($ha
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) and allows larger areas to be covered.
Wetlands are under anthropogenic pressure worldwide; they are also vulnerable to invasive species (DeFerrari & Naiman 1994; Zedler & Kercher 2004) . Thirteen species of the Salix genus are considered to be invasive around the world (Richardson & Rejm anek 2011) . Invasive Salix species occupy large areas of wetland in New Zealand and Australia, creating Salix carr woodlands where sedgelands previously existed (Champion 1994; Cremer 2003) . The grey willow Salix cinerea (hereafter grey willow) was first recorded in New Zealand in 1925 and can invade wetland and terrestrial habitats and out-compete native species, even in areas that have not been subject to recent disturbance (Webb et al. 1988; Champion 1994; Carr 1996) . Eradication is difficult as grey willows produce abundant viable wind-dispersed seed that can travel for tens of kilometres (Cremer et al. 1999) .
This study aimed to determine the effectiveness of glyphosate for large-scale grey willow control, and its effects on plant community composition as the system subsequently recovered. It was also undertaken to inform conservation management of Whangamarino Wetland (hereafter Whangamarino), a Ramsar site (Convention on Wetlands, 1971) in the North Island of New Zealand. We identified the most likely post-herbicide trajectories for this site to be either: (1) native sedge and shrub establishment or (2) secondary invasion by other exotic species; both followed by gradual grey willow reinvasion.
In light of these trajectories, we hypothesized: 1. Glyphosate application to a mature grey willow-dominated canopy would primarily affect grey willow, with minimal collateral damage to the understorey, including the sub-canopy species. 2. Species richness would increase initially with canopy removal, decreasing as longer-lived competitive species increased in cover. 3. Removing the grey willow canopy would provide a window to re-direct the vegetation trajectory back to a native sedge-dominated community.
Although outside the scope of the study time frame, we hypothesized that without further intervention grey willow would reinvade and reassert itself as the dominant canopy species.
Methods

Study area and experimental design
Whangamarino is located approximately 45 km north of Hamilton in the North Island of New Zealand ( Fig. 1) and is administered by the New Zealand Department of Conservation. At 6650 ha Whangamarino is the second largest remaining swamp-bog complex in New Zealand (Cromarty & Scott 1996) . In 2014, grey willow covered 22% of the wetland despite attempts at control during the period 1999 (Reeves 2014 . Of particular concern was a reduction in native Carex sedgeland from 24% of the wetland in 1942 to 2% by 2014, which has been driven by grey willow invasion (Reeves 1994 (Reeves , 2014 Bodmin & Champion 2010) . Until 1999, ground-based control methods were generally used to limit Salix species spread; between 1999 and 2008 some aerial control of Salix species had been undertaken with varying degrees of reinvasion and collateral damage (Bodmin & Champion 2010) .
The experimental site (37 23 0 S, 175 8 0 E) was a 7.1 ha area of dense, well-established grey willow (>95% canopy cover, mean height 8.45 m, approximately 25 yr old). The experimental site was divided west-east into a 'non-sprayed' block and a 'sprayed' block ( Fig. 1) . Each block was 150 m 9 100 m and separated by a 50-m buffer. A potential minor hydrological gradient running north-south was identified, leading to the replication of the two blocks immediately south, separated by a 10-m buffer. Each block contained six 10 m 9 10 m permanently marked vegetation plots positioned using simple random sampling implemented through a purpose-built extension to ESRI ArcView GIS v 3.2 software. The mean pH of plots at the site was 4.97; dry bulk density averaged 0.08 TÁm
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; and organic C averaged 42% (Appendix S1). Within each plot, 1 m 2 permanently marked subplots were established at each corner of the plot, midway along the plot edges, and in the centre, creating nine subplots within each plot.
Glyphosate application and assessment of effects
Vegetation and canopy light interception data were collected from all blocks between 23 Jan and 2 Feb 2012, prior to spraying. Aerial application of glyphosate to the two treatment blocks (B and D blocks; Fig. 1 ) were applied at 40 psi (2.8 bar) in half overlapping swathes to give a total volume rate of 400 LÁha
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. Glyphosate application was timed to the active growing season of grey willow. Aerial spraying followed best-practice industry guidelines (Bodmin & Champion 2010; Young 2012) , and was undertaken when willows were in full leaf (usually December to February: Carr (1996) ). Follow-up monitoring was undertaken at 1 and 2 yr post-spray in all blocks in Mar 2013 and Mar 2014.
Vegetation and environmental sampling
Within each plot, all plants were identified to species level and the percentage cover of live foliage estimated for five height tiers following Hurst & Allen (2007) : 0-0.3, 0.3-1.0, 1-2, 2-5, >5 m. In subplots, the presence of all species was recorded for each of the five height tiers in which the species had live vegetation.
Canopy light interception was measured using a Licor LAI-2000 Plant Canopy Analyzer with twin sensors (LiCor, Lincoln, NE, US). The control sensor was located in an adjacent paddock approximately 400 m away with an open sky aspect. Visible light exposure at 1-m height was measured as diffuse non-interceptance in the plots, relative to the control sensor (Welles 1990) . One reading was taken in each corner and in the centre of the plot (total = 5 per plot) and then averaged for each sampling. Canopy light interception was then calculated as the inverse percentage of diffuse non-interceptance. an interaction between year and treatment indicates sprayed areas differed in their responses over time. We report T or Z scores and P-values for the interaction between year and treatment. GLMMs incorporating nested random intercepts were used to account for the block, plot and (where appropriate) subplot experimental design.
Effect of glyphosate on canopy light interception and grey willow cover and regrowth
The effects of glyphosate application on canopy light interception and grey willow cover at 2-5 m and >5 m height tiers, where effects on grey willow were expected to occur, were analysed using GLMMs. Models were implemented using R package NLME. Data were logit-transformed; a small positive constant equal to the smallest non-zero observation was added to avoid logit transformations of zero (Warton & Hui 2011) . We analysed the presence or absence of live grey willow foliage in glyphosate-treated subplots with a binomial GLMM using package lme4 (Bates et al. 2015) . Sprayed subplots in Jan 2012 were compared to Mar 2013 and Mar 2014 for height tiers 0-0.3, 0.3-1.0, 1-2 and >2 m. We found only one interaction between treatment and time (an increase 1 yr postspray in the sprayed areas in the 0-0.3 m height tier) and therefore report statistics for grey willow regrowth based on subplot analyses only.
Effect on sub-canopy species
For the purposes of this analysis, we define the sub-canopy as all vegetation in height tiers >1 m, excluding grey willow. We analysed the summed sub-canopy cover per 100 m 2 plot of all non-grey willow species. We used a GLMM with a Gaussian distribution; total cover was always >0, and was log-transformed and re-analysed after inspecting the distribution of the residuals of the initial model. We assessed whether species that were at least moderately common in treated plots pre-spray (averaged presence >10%) became less common post-spray.
Effect on community composition
We used classification to identify discrete vegetation clusters and used unconstrained ordination to assess the fit of these clusters. Similarities were calculated for both the classification and ordination analysis using Bray-Curtis dissimilarities (Bray & Curtis 1957) . Hierarchical clustering was used to classify plots into clusters using averaged linkages at Bray-Curtis dissimilarity = 0.7. We used NMDS to ordinate the vegetation survey data. Ordination was undertaken using R package vegan. We selected the dominant species for each cluster (the two species with the highest mean cover per plot for both understorey [<1 m] and sub-canopy [>1 m]) and present their centroids in the ordination.
Species richness and cover
Species richness and cover were calculated for all species as a whole; and separately for exotic and native species. Species were classified as native or exotic using the New Zealand plant names database (Allan Herbarium 2000). Species abundance was based on summed cover for all five height tiers. Species richness and total cover were analysed using R package NLME; cover was square root-transformed. We also categorized species by their longevity to discern life form patterns in changes in species richness (categorization of species according to life form is available online as part of the Dryad Digital Repository package: Burge et al. 2017) .
Results
Effect of glyphosate on canopy light interception and grey willow cover and regrowth Canopy cover was dominated by grey willow prior to spraying, with cover by other species above 2 m averaging <5%. We found significant declines in canopy light interception and grey willow cover in Mar 2013 and Mar 2014, compared to non-sprayed areas (Fig. 2 , full statistical output available in Appendix S2). Glyphosate reduced willow canopy cover to <5% on average for 2 yr post-spray. Some reductions in grey willow cover were seen in the nonsprayed 2-5 m height tier in Mar 2014, although cover remained higher than for sprayed plots. This reduction in 2-5 m cover was likely due to heavy infestations of the giant willow aphid Tuberolachnus salignus (NZPWRS 2014), a recently invading species first observed at the site during sampling in Mar 2014 (Watts et al. 2015) . Grey willow reinvasion was detected following glyphosate application (Fig. 3, full (Fig. 3) .
Effects on sub-canopy species
Sub-canopy species were considered most likely to intercept any spray penetrating or running off the grey willow canopy. Sub-canopy cover excluding grey willow decreased in sprayed plots compared to non-sprayed plots in Mar 2013, but recovered by Mar 2014 to more than triple pre-spray levels (Table 1) .
Only one native species, an endemic tree fern, showed negative effects persisting to Mar 2014. Dicksonia squarrosa was markedly impacted by glyphosate application, 
Effect on community composition
Cover data were collected on 76 species in the first prespray survey, 107 species in the Mar 2013 survey and 96 species in the Mar 2014 survey, for a pooled richness of 124 unique species. Vegetation classification suggested there were three distinct clusters of vegetation, which showed little intermingling in the nMDS ordination (Fig. 4 ): 1. The largest cluster consisted of all non-sprayed plots across all years (n = 36), and all plots in the spray treatment prior to spraying (n = 12). These plots were dominated by grey willow, the invasive exotic fern Osmunda regalis and the native sedge Machaerina rubiginosa (covers provided in Appendix S4). 2. The second cluster consisted entirely of plots from sprayed blocks post-spray (n = 15, of which nine were sampled in Mar 2013 and six were sampled in Mar 2014). The understorey of plots in the second cluster were dominated by the exotic forbs Lotus pedunculatus and Galium palustre. Above 1 m, Typha orientalis dominated, followed by a small proportion of remaining live grey willow cover. 3. The third cluster also consisted entirely of plots from sprayed blocks post-spray (n = 9, of which three were sampled in Mar 2013 and six were sampled in Mar 2014). These plots were dominated by Carex secta and the exotic forb Lycopus europaeus.
Species richness and cover
Overall, species richness was higher in the sprayed plots in both Mar 2013 and Mar 2014 (Fig. 5 , full results in Appendix S5). Exotic species showed the biggest response to spraying, increasing in Mar 2013 and remaining high in Mar 2014. Native species richness increased more modestly, and differed from pre-spray only in Mar 2014. Short-lived species contributed strongly to the spike in exotic species richness; longer-lived native species showed slow, but steady increases following glyphosate application (Appendix S6). Exotic species cover decreased in both Mar 2013 and Mar 2014 (Fig. 5 , full results in Appendix S5). Native species cover declined in Mar 2013, but had rebounded by Mar 2014. These differences resulted in a decrease in total cover by Mar 2013 from 261% to 169%. By Mar 2014 differences were no longer significant, and total cover was 210%.
NMDS & clusters
Discussion
Aerial application of glyphosate significantly reduced grey willow cover, with low non-target damage. Early signs of reinvasion were detected in subplot monitoring but grey willow canopy cover remained very low 2 yr postspray. Species richness increased in sprayed areas and a shift towards a native Carex-dominated community was detected. As far as we are aware, this study is the first to publish the effect of large-scale aerial application (total experimental area 7.1 ha) of glyphosate on subsequent vegetation trajectories in a wetland managed for conservation purposes.
Trajectories initiated by herbicide control of invasive species
Applying a broad-spectrum herbicide to a protected area should not be undertaken lightly. As with all herbicide use for conservation purposes, it cannot be assumed that a one-off application will suffice to reset the trajectory of the system to one of higher biodiversity value (Hobbs & Cramer 2008) . The effectiveness and wider ecosystem impacts of invasive species control need to be monitored to ensure management actions are beneficial on balance and there are not unintended negative consequences (Zavaleta et al. 2001; Kettenring & Adams 2011) . We identified a number of possible outcomes for the system (Fig. 6) , which can be generalized to wetland systems where an empty structural niche (large shrub or tree) is filled by an invasive species (Mack 2003) . These potential outcomes were derived from the 2 yr of data from this study and circa 19 yr of smaller-scale glyphosate applications for the control of willow (grey willow and Salix Xfragilis) in Whangamarino (reviewed in Bodmin & Champion 2010) . We discuss each potential outcome ('node') in turn in relation to Whangamarino experimental results and identify alternatives that may apply in other wetlands.
Node 1: Pre-spray, invaded wetland community
The vegetation community in Whangamarino was dominated prior to spraying by grey willow in the canopy, with the invasive exotic fern species Osmunda regalis and native sedge, Machaerina rubiginosa in the understorey. Although exotic species cover was higher than native species cover prior to spraying, native species richness was higher than exotic species richness. This indicated a pool of native species which, although having a low cover, persisted below the grey willow canopy. A number of invasive species have been linked to community change through shading effects (Standish et al. 2001; Lamarque et al. 2011) , and it is likely the native species pool consisted of those able to tolerate the dense, but deciduous, grey willow canopy.
Node 2: Glyphosate effectiveness, collateral damage and early succession
Glyphosate was effective in reducing grey willow cover such that treated areas averaged < 5% willow canopy cover 2 yr following glyphosate application. We expected this disturbance (sensu Catford et al. (2012) ) to provoke an increase in species richness and abundance (Grubb 1977; Connell 1978; Armesto & Pickett 1985) . Consistent with our second hypothesis, species richness increased, primarily due to increases in short-lived exotic species (Appendix S6). Glyphosate-treated areas also underwent a shift away from O. regalis co-dominated communities (Fig. 4) . Osmunda regalis is an unwanted organism in New Zealand (Ministry for Primary Industries 2016); this collateral damage is therefore considered to be a positive result. Our analysis of the sub-canopy revealed that the only tree fern species present, Dicksonia squarrosa, was negatively affected by glyphosate application. Although D. squarrosa is not considered to be threatened in New Zealand (de Lange et al. 2013 ) it appears to be particularly sensitive to glyphosate, and we consider that special care should be taken in areas with a high proportion of tree ferns in the sub-canopy, especially if rare or threatened species are present.
Node 3: Native vegetation regrowth and expansion or secondary invasion?
At Whangamarino, we found the post-spray increase in exotic species richness did not translate to dominance in cover of exotic species; multivariate analyses indicated that by Mar 2014, most sprayed plots were dominated by native species, particularly Carex secta. The increase in occurrence and cover of C. secta was a positive outcome, given the historic displacement of Carex sedgelands at the site by grey willow invasion (Reeves 2014) .
In other situations there is a risk that exotic species will establish or spread after removal of the tree canopy resulting in secondary invasion (Hulme 2006; Pearson & Ortega 2009; node 3b) . The persistence of native species such as C. secta that are not necessarily considered shade-tolerant, despite the grey willow invasion, allowed recovery of the native vegetation in this experiment.
Escaping the grey willow trap: long-term management options
Although the shift towards native vegetation (node 3a) at the sprayed site is a positive outcome, it is likely a temporary success. Grey willow remains widespread both within and outside of the wetland. Analysis of grey willow presence/absence in subplots in different height tiers revealed increases in lower height tiers (<1 m) faster than we hypothesized and was more sensitive at detecting increases than 100 m 2 estimated plot covers. We recommend the use of similar subplot methodology for monitoring regrowth following glyphosate treatment. Given that the post-spray community is likely to be susceptible to re-invasion, it may be preferable to promote an alternative trajectory (node 4). The native wetland forest tree, Dacrycarpus dacrydioides, is relatively slow-growing but forms a very tall canopy (Ogden & Stewart 1995) and appears able to resist grey willow invasion in Whangamarino once mature (Reeves 2014) . A long-term experiment has been initiated at the site to test D. dacrydioides establishment under different management regimes.
The alternative to competitive exclusion is regular herbicide application. Options include: (1) repeated application of glyphosate or other broad-spectrum herbicide following grey willow canopy closure or (2) repeated application of selective herbicides, such as triclopyr triethylene amine (trade name Garlon â 360), to specifically target grey willow regrowth. The application of glyphosate to a patchy canopy of grey willow results in considerable damage to non-target understorey species (Bodmin & Champion 2010) and cannot be recommended. Triclopyr triethylene amine has been trialled in both pot and field trials and was less effective against grey willow individuals of more than 4-m height, but also caused less non-target species damage than glyphosate, making it a promising option for control prior to full grey willow canopy closure (Champion et al. 2011 ).
Further work is required to follow long-term trajectories in sites periodically subjected to glyphosate application for invasive species control, and where collateral damage might exclude sensitive species from the post-herbicide community long term. The use of alternative herbicides to provide selective control of grey willow before canopy closure deserves further investigation as part of a long-term rehabilitation strategy for invaded wetlands.
The large scale of the experiment made the cost of replication in other wetland sites prohibitive; this is a limitation of the experimental design. Results from other sites with different environmental conditions may vary to those found Whangamarino. The possibility of secondary invasion or slower native regeneration in the absence of existing seed sources occurring in other invaded areas has been highlighted above and should be borne in mind by managers who are considering glyphosate application.
Conclusions and recommendations
Post-herbicide trajectories at Whangamarino were redirected towards Carex-dominated communities, but early signs of grey willow reinvasion were detected. We identified potential divergent future trajectories that may be triggered by management interventions, and highlighted other paths similar systems may follow. Our findings can be generalized to terrestrial systems in which invasive species form a dense canopy cover over short-statured vegetation, including terrestrial grey willow invasions. Overall, we consider that glyphosate use on a dense grey willow canopy can provide effective treatment for at least 2 yr post-spray with positive benefits to native plant communities.
